Abstract-Nowadays various mobile platforms from PDA, smart phones to iPhones can deliver road warriors or trippers much mobile information. However, most mobile applications are lacking the "social intelligence" of real companionship. One reason is that community context and spatiotemporal context information are not well taken into consideration. In this paper we propose an ontology-based context model using OWL/RDF. With the enhanced interoperability substantial context information can be expressed and reasoned across systems. Based on the context model and the middleware Context-Aware Adaptation Service (CAAS), we introduce a mobile tourist guide as proofof-concept that provides users context-aware information. We employ the MPEG-7 and MPEG-21 metadata standards to realize multimedia adaptation to device preferences. The evaluation result proves the feasibility of the context model and shows the easy extensibility of CAAS.
I. INTRODUCTION
As Howard Rheingold has pointed out in [27] , we are experiencing the next social revolution with mobile technologies. More and more laptops, PDAs, smart phones, cell phones, or iPhones interact with one another via various wireless connections such as Bluetooth, GPRS, GSM, UMTS, WiFi, and WiMax. On those mobile devices, mobile applications and services do count for the concept pervasive computing. Pervasive or ubiquitous computing [30] demonstrates the idea that computing can take place at any time anywhere. A typical pervasive computing scenario could be how to provide road warriors or trippers useful information concerning weather, location, sightseeing, events, even friends or business partners. However, most mobile applications are lacking the "social intelligence" of real companionship. Even some GPS enabled navigation systems are smarter than most mobile applications. While GPS and smart maps may address the needs of travelers to some extent, there may be a conflict between location-based service providers and the good advice of your community. If you are traveling to an unfamiliar city, would you rely on the tips of location-based ads on your mobile devices? Or would you trust more the advice of fellows having been in the same situation and sharing similar interests?
We address the question, what a traveler alone in an unfamiliar city could expect. He/she might be happy to find a hotel where his acquaintances or friends of the same community are also staying. He/she would be even happier to find acquaintances or friends who are just traveling or living in the same place. He/she would like to go shopping where the community preferred or ever went. All this information including community members' travel tracks, local community's recommendation should be available on mobile devices.
In order to get such smart mobile applications, context awareness plays an essential role. There are a number of context-aware information systems in various application areas. However, most of them don't use any context modeling approaches, but store context information in some internal data structures mixed with program code. Context modeling is an effective method of gathering, representing and sharing context information across different information systems. In addition, using a modeling approach, we can also handle complicated context information with some standard tools and frameworks to enhance system interoperability. Meanwhile, context information of different aspects is rarely taken into account within one system. Thus, we depict the most useful aspects for context-aware information search in Figure  1 . Besides community-based search, time-based search, and location-based search, possible context-aware search should combine each two aspects or all aspects of the spatial, temporal and community context information.
In addition, the pocket-fit sizes of mobile devices constrain the display sizes, memory capacities, and computing capacities [18] . There are significant mismatches between mobile information providers and mobile devices. For instance, a picture in the form of 320 × 240 pixels is suitable for a PDA screen, but does not match the screen size in 220 × 220 pixels of a smart phone. In order to make users access and display the information appropriately, media adaptation to device preferences is necessary for mobile information systems. Media adaptation enables pervasive computing systems to deliver the right person the right information in the right form at the right place and time [15] . In practice, the importance of media adaptation has been widely recognized and many adaptation approaches have been proposed in [29] , [30] . Among them, the ISO multimedia metadata standard MPEG-7 and the com- Considering the realization of mobile context-aware adaptable information systems, we propose a framework ContextAware Adaptation Service (CAAS), in which context-aware information search and retrieval as well as media adaptation to device preferences are carried out. It is based on a comprehensive ontology-based context model and can be accessed by mobile user interfaces for context-aware applications.
The remainder of the paper is organized as follows. In Section 2 we survey the state-of-the-art context-aware systems. We introduce the ontology-based context modeling method and the design of the context model using OWL/RDF in Section 3. The detailed system architecture of CAAS and its prototype for a mobile tourist guide client are discussed in Section 4. Section 5 makes a summarization and gives an outlook on our future research.
II. RELATED WORK
Context-aware applications are able to increase the usability and effectiveness by adapting their behavior according to the current context information. In other words, a context-aware service can sense the user's current context and changes to that context and adapts its content to users' needs [23] . Here we understand behavior as system features or functionalities. Hence, context-awareness is a key success factor for both system developers and users to gather context information and adapt system's behavior correspondingly. Among the others, context-aware adaptation is one of the most important features for context-aware mobile information systems to meet the varying requirements of different clients [13] , [24] .
In addition, the widespread sensor technologies such as GPS makes location-aware applications a part of everyday life [12] . Generally speaking, location-aware systems cover a large range of context-aware mobile information systems [17] . Other context information is additionally taken into consideration in some state-of-the-art systems. For example, community is a significant aspect to design context-aware systems, which is neglected in many context-aware systems. In our previous research [15] , we have adopted community context based on fundamental context information such as community members' preferences, location, time, device capabilities and so on.
Among many other systems such as GUIDE [5] and CRUM-PET [31] etc., a survey of a location-aware system COMPASS [36] and a personalized adaptation system URICA [21] will be briefly introduced as follows.
COMPASS on 3G (GPRS, UMTS) and GPS technologies provides guide services to tourists. For example, when they do not know their ways to the restaurants, museums, shops, public services, etc., COMPASS can help them navigate. It provides an interface so that users can use third party map services such as Microsoft Mappoint. The mobile device can be positioned either via the mobile networks or via the GPS receiver. Depending on users' requests an updated list of buildings or other objects nearby is rendered on the map, when users are traveling to a new place.
URICA (Usage-awaRe Interactive Content Adaptation) [21] is a usage semantics based content adaptation system. It provides an automatic technique for content adaptation to mobile devices. In URICA users can take part in the adaptation process and make changes until the content is suitably adapted to their requirements. The user's modification towards the adaptation system is learned by the system. Thus, it can adjust its prediction to future accesses of other users.
In general, COMPASS is a context-aware system based on location context, while URICA is mainly based on individual users' context for personalized content adaptation. But the important time based and community context information is not considered. The both context-aware systems employ the pull mode to deliver users information on request. In contrast, there are push mode context-aware systems such as a context-aware messaging service developed by NTT Japan [22] . Users get SMS message automatically from the providers according to their location. In addition, compared to adaptive recommender systems in which user preferences are decisive factors in the content selection process, the existing context-aware systems rarely use community preferences as a conscious factor to the content adaptation. In fact, users not only gain access to content based on their individual preferences but also benefit from the experiences achieved in the community they belong to. Here community context includes community preferences, community tasks, community activities and so on.
III. ONTOLOGY-BASED CONTEXT MODELING
In order to enable efficient context-aware adaptation, context information must be at first collected and presented to the application. Therefore, a common representation format for the context information is required [13] . A well-defined context model is needed to define and store context data in machine readable forms in order to enhance interoperability. Strang and Linnhoff-Popien in [35] surveyed several context-aware systems and compared the most relevant context modeling approaches including Key-Value, Markup Scheme, Graphical, OO, Logic-based and Ontology-based models. These approaches are based on different data structures and represent context information for machine processing and reasoning.
In our research these approaches are further evaluated with regard to the requirements on spatiotemporal and community context-awareness. According to the analysis result only the ontology-based modeling approach fulfills assets for context modeling in pervasive computing environments. In the field of knowledge management the term ontology refers to the shared understanding of a set of entities, relations, and functions. Ontologies are promising to model context information because of the powerful and formal expressiveness as well as the possibilities for context representation and reasoning. Among many context-aware frameworks, Roussaki et al. indicated that ontology-based models are interoperable and flexible context representation schemes. They are necessary to support efficient context interpretation and reasoning for distributed large-scale context-aware systems [28] . In [37] Wang et al. gave three arguments for developing context models based on ontologies: knowledge sharing, logic inference, and knowledge reuse.
Thus, we use the ontology-based context modeling method with first-order predicate calculus to represent context information in the form of predicate(subject,value), in which
• subject ∈ S * : the set of subject names (for example, a person, location, or object).
• predicate ∈ V * : the set of predicate names (for example, is located at or has status).
• value ∈ O * : the set of all values of subject in S * (for example, church, open, empty). In this case, the context information Tom is located at a church can be represented in the form LocatedAt(Tom,Church) as the ontology.
A. Ontology Developing Tools and Environments
Numerous tools are available to define, manage, and store ontologies. Many of them are de facto standards in the development of web-based information systems. For instance, Resource Description Framework (RDF) [2] provides data model specifications and XML-based serialization syntax, Web Ontology Language OWL [1] enables the definition of domain ontologies and sharing of domain vocabularies [37] . In the Semantic Web vision, OWL helps web services as well as agents share information and interoperate [3] . Generally, OWL has following usages: (1) domain formalization, a domain can be formalized by defining classes and properties of those classes; (2) property definition, individuals and assert properties about them can be defined; (3) reasoning, one can reason about these classes and individuals. Various editors are available to edit a context ontology using OWL. Among them, the open-source tool Protégé [25] is robust as well as easily-extensible and has well-documented plug-in architecture.
Jena API [14] is used to deal with ontologies in Java applications, for example, transforming context information into ontologies, management of ontologies in a database [4] system. Jena is an open-source Java application programming interface developed at HP that handles ontologies expressed in RDF(S), DAML+OIL and OWL. It supports some reasoning mechanisms based on OWL Description Logics (OWL DL).
Using OWL an ontology is described as a collection of RDF triples in the form of (subject,predicate,object), in which subject and object are objects or individuals of an ontology and predicate is a property relation defined by the ontology. The context LocatedAt(Tom,Church) is represented, for instance, as an ontology instance in OWL in Listing 1. In addition, a number of ontologies are developed in pervasive computing environment using OWL/RDF. But none of them could be deployed directly, because none of them includes all context information that we have required. However, Standard Ontology for Ubiquitous and Pervasive Applications (SOUPA) [4] , [32] , developed at the UMBC ubiquity research group of University of Maryland can be easily extended to match the requirements of this project due to the standard features and the extensibility. SOUPA consists of two sets of ontology documents: SOUPA Core and SOUPA Extension. SOUPA Core defines generic vocabularies that are universal for different pervasive computing applications. SOUPA Extension defines additional vocabularies for supporting specific types of applications and provides examples for the future ontology extensions (cf. Figure 2) . Therefore, SOUPA was employed as basic ontologies in our research work.
For context reasoning, we use SPARQL, the SPARQL Protocol and RDF Query Language. SPARQL is a RDF query language. It is being standardized by the RDF Data Access Working Group (DAWG) of the W3C [34] . The SPARQL support in Jena is currently available via the ARQ module.
In addition to implementing SPARQL, ARQ's query engine can also parse queries expressed in RDQL or its own internal query language. SPARQL is described as "data-oriented", that means, it only queries the information held in the models. Although there is no inference in the SPARQL query language itself, the Jena toolkit provides a smart way to include OWL reasoning to query information. So SPARQL can also be used as an ontology reasoning language. An example of the application of SPARQL as a reasoner in our system is given later in this paper.
B. Ontology Design
As mentioned before, ontologies are employed and extended based on SOUPA. The designed ontology dimensions include Space, Person, Time and Community. 1) Space: For fixed geographical locations e.g. buildings, university campus, sightseeing, the ontology dimension space can be used. This ontology dimension is designed to support reasoning about the spatial relations between different locations, mapping from geo-spatial coordinates to the symbolic representation of space and vice versa [4] . To specify the geographical measurements of a location (e.g. the coordinates of a location) the ontology instance geo-measurement is specified in the ontology dimension space. And geo-measurement defines typical geo-spatial vocabularies of a space.
In the ontology dimension space, the spc:name represents the name of a geographical location, e.g. the name of a building. To make an association between temporal instance and date/time values in the time ontology dimension, three object properties are defined. A simple date type xsd:dateTime defined by W3C [38] is used. The property at is defined for objects in association with a time instance (TimeInstance) and xsd:dateTime. For example, some events take place at some time. Together with the ontology dimension person, personal movement can be traced as well. In Listing 4 the user Tom Smith was en route at a location with the coordinates 6.043381, 50.472143 at 14:27:59 UTC on 2007-03-13 (tme:at with the value of 2007-03-13T14:27:59.376Z UTC). The properties from and to are defined to make an association between various instances of the class TimeInteval. So they define the temporal relation of two time properties which record the start and the end of an event.
4) Community: The ontology dimension community models communities in terms of groups of people who have something in common. To clarify the concept of community in the previous scenario, we focus on Community of Practices (CoP) which have mutual engagement, build up a joint enterprise and share a repertoire [39] . We have developed a clustering algorithm to specify communities according to community members' interest [15] . The instance of the community ontology dimension is updated, when a new user comes and when the new user's preferences are submitted.
There are three key classes in the community ontology dimension. The class community:Community, which contains property community:Name and a number of instances of class per:Person. The object property community:isMemberOf specifies that a person is a member of a community. Through this property, the relation between ontology dimensions Person and Community is specified.
C. Context Reasoning
Context reasoning is normally used to invoke the use of inference to interpret sensor information. For example, in a smart-place system (e.g. an e-Home system), there is a set of sensors which can be used to detect events of the system and to invoke the corresponding inference processes. Here we use two sensors, a GPS receiver and the clock of a mobile device, which receive the location coordinates data and the current time. Therefore, context reasoning according to location information and the current time are important for the system. 1) Spatial Reasoning: Location context is referred to spatial information such as location coordinates acquired via GPS receivers. Spatial reasoning aims at the logical inference for reasoning over the spatial information of buildings, places or people. Usually, places and buildings have fixed location, while people are moving around. It is interesting and useful to figure out relationships between people and location. Whether a user is close to a certain place and what is the distance need to be reasoned. 
Listing 5. An example of reasoning rules used for spatial reasoning
In general, a space or a building has the geometric shape and the geographical coordinates information. A person's movement can also be traced via mobile devices. These coordinates can be used to calculate the distance between two objects. For example, if the values of latitude and longitude of a person and a building are given, the distance can be calculated easily by using Haversine Formula [11] .
Listing 5 shows an example of a rule used to configure a rule reasoner to support spatial reasoning. This rule is defined over the SOUPA space and person. This rule represents such a situation that a person is at a location loc1 with the coordinates lat1 and lon1, and a building is located at loc2 with the coordinates lat2 and lon2. This simple rule draws a conclusion that the person is close to the building by calculating the distance between loc1 and loc2 and comparing it to a constant. Listing 6 shows an example of the implementation of a spatial reasoner using SPARQL. 2) Temporal Reasoning: Temporal reasoning is used for traveling history query and so on. For instance, if the current time is lunch time, the system assumes the users prefer to get search results of buildings with the keywords restaurant, fast food, eating, etc.
3) Community Reasoning: Community reasoning is based on the stored facts of users' personal profiles, contact information, and traveling history or movement. It helps users find acquaintances or friends to make a company. Moreover, the common interest is explored via profiles, while common activities are reasoned via users' movement records.
IV. THE CONTEXT-AWARE ADAPTATION SERVICE (CAAS)
We have defined a comprehensive context model for spatial, temporal and community contexts. Related rules are set for context reasoning. Based on the context model, we have designed and realized a Context-Aware Adaptation Service (CAAS) to facilitate context-aware mobile information systems on the client side.
A. System Architecture Design
CAAS uses Web Service technologies in order to provide easy access to mobile applications on the client side. On the server side, a set of services are provided such as context acquiring, context reasoning, and context querying. On the client side, mobile user interfaces can process users' requests and retrieve demanding multimedia results.
For rapid prototyping we employ our previous research result, the Lightweight Application Server (LAS) [33] as the basic framework. LAS provides HTTP and SOAP connectors which make the implementation of client-server communication easier. In addition, the LAS components provide the functionalities such as the connectors to various databases. Ontologies using OWL and a media repository with metadata are maintained by a native XML database, e.g. eXist [7] . Moreover, the main benefit of LAS is that the services on it can be flexibly extended for specific applications by using the LAS Java APIs. Thus, CAAS is designed and implemented as the LAS services within the LAS framework. Fig. 3 . The system architecture of CAAS based on LAS Figure 3 illustrates the CAAS system architecture. Extensions of LAS services including ContextProvider, Reasoner, ContextQuery, and ContentAdapter provide the corresponding services on the server side. The access to the media repository and to the ontology repository is realized via LAS components e.g. the eXist connector. The communication protocol between mobile devices and CAAS is the standard HTTP.
In our previous research, we have developed a communityaware content adaptation service which combines mobile device profiles and community' interest for multimedia content adaptation [15] . Not only user's preferences, community, but also device preferences are considered as contextual arguments in the adaptation service. Conceptually, a general adaptation service for mobile applications employs the concept of Universal Media Access (UMA) [19] using metadata standards MPEG-7 and MPEG-21 [16] . The components to facilitate the CAAS service are explained briefly as follows (cf. Figure  3 ):
• Ontology Repository maintains two kinds of ontologies.
One is used to describe various types of context and the metadata for the storage structure of the represented knowledge. With it context instances are represented based on existing ontologies and the acquired context information. The other are ontology instances and history contexts for a particular application domain. In short, the ontology repository consists of ontology dimensions to describe context information such as personal status, personal profiles, contacts, users' location and time, as well as location information of buildings etc.
• Media Repository contains a collection of multimedia documents such as video, audio, image and text files, as well as the related MPEG-7 metadata. The metadata is at first queried, before adapted variations of the multimedia files are sent to the users on request.
• ContextProvider represents context information as instances of ontologies using OWL/RDF and then sends them to the Ontology Repository, after raw context information is passed over from mobile devices.
• Reasoner is a logical inference component for reasoning over the acquired context information. It provides functionalities to interpret context based on the acquired sensor data, to aggregate the context information from ontologies and domain heuristics, to detect and resolve inconsistent context information. Since the raw context information captured initially from mobile devices may not be useful for the application, the context reasoner translates the low-level context information into a highlevel representation. For example, an address of a building is easier to understand than the native GPS coordinates.
• ContextQuery serves as a context consumer. It subscribes context information from the Ontology Repository and transforms it from ontologies to the appropriate data structures for further usage.
• ContentAdapter uses adopted context data and processes the corresponding adaptation, such as location-aware adaptation and/or community-aware adaptation. The adaption requirement depends on the concrete situation. To realize content adaptation, the aforementioned adaptation service [15] was employed and partly reimplemented by taking the ontology-based context model into consideration. The temporal, spatial, and spatiotemporal context information is covered, besides the community-aware adaptation.
With these components, CAAS is able to realize services of spatiotemporal and community context-aware multimedia search and adaption. Applications on the mobile client devices can employ the CAAS service easily and flexibly. To prove the concept, we have developed and evaluated a mobile tourist guide based on CAAS, which is discussed in the next sections.
B. Realization of a CAAS Based Mobile Information System
For evaluation and test purpose, a tourist guide was implemented as a CAAS prototype. It employs the aforementioned CAAS service on the server side and the Java mobile client is installed on the WLAN compliant PDAs. In detail, on mobile devices a J2ME application enables users to submit users' preferences, device capabilities, current location and changing location, time, and users' requests for adapted tourist information. In other words, users raise their query requests and provide context information from the GUI on the client side to CAAS on the LAS server. Multimedia search results are queried, adapted, and sent to users then. The common issues such as session-, security-, and user-management are dealt with by the internal components of LAS.
The client application provides search services in the form of Keyword Search and Context-aware Search. To realize the service of Context-aware Search, the mobile client must collect information about users' preferences and device preferences via a user interface on the client side. The user preferences include user's name, gender, age, etc. as well as user's interests. User's interest and behavior histories are applied to identify user groups (i.e. communities) by the clustering algorithm. The device preferences refer to physical capacities of devices such as display size, color depth, and so on. They are used for media content adaptation. Both user's and device preferences are raw contextual data and transmitted to the server. On the server, this contextual data is represented as ontologies using In general, Context-aware Search provides users information according to users' interest, community's preferences, and spatiotemporal context information. For example, a tourist is located somewhere in a city. Via Context-aware Search the system can display a list of buildings nearby, which can be clicked on to get suitable information displayed in the right form of videos, audios, images or texts. They also fit to the display size of the mobile devices in use. Figure 4 illustrates the user interface of the tourist guide in which Context-aware Search is performed, the search results are displayed and video clips about the sightseeing are played in a video player.
C. CAAS Evaluation
The prototype of the mobile tourist guide with the CAAS service has been tested by test users around the city of Aachen. Aachen, located in the most west of Germany, is a versatile city which charms different community stereotypes. Communities can be classified into sporty people who are interested in e.g. the World Equestrian Festival, architects who are interested in historical buildings, pilgrims who are interested in the Cathedral of Charlemagne, historians who are interested in Carolingian Renaissance, as well as those who are interested in spa or wellness etc. Each community has special preferences and interest for different engagement. Hence, multimedia about Aachen is suitable for spatiotemporal and community context-aware search and adaptation.
The evaluation is performed on a developing testbed for mobile multimedia community services based on the success model of information systems by Delone and McLean [6] . This testbed aims at rapid testing and quality evaluation of mobile multimedia community services [26] . CAAS was tested by a small group of the stereotype communities. At first, the test users were asked to fill out user preferences and hardware preferences via the GUI on their mobile devices. The collected information was transmitted and stored in the central ontology repository. Then the users were able to use the system by preforming Keyword Search or Context-aware Search from the mobile client. In order to test the quality of the program in terms of reliability, usability, efficiency, maintainability, and portability, the users were asked to make a test report for functionality check. If errors occurred, the error instances were reported for the performance improvement. Only functional tests are not adequate to evaluate a program, because users' subjective opinions are also important issues for information systems development. Therefore, after the testing, we also asked the users to fill out a usability questionnaire to express their opinions on the mobile tourist guide.
The general negative comments from users are character set display problem, too small combo boxes, unnecessary and inconvenient GPS data refreshment, lack display of search results number, case sensitivity of keywords, and limited data sources. In summary, users' positive, neutral or negative experiences are brought into the performance improvement in our future work. At the same time, we continue to evaluate the mobile application with the further development of the testbed.
V. CONCLUSIONS AND OUTLOOK
Context-awareness is an important evaluation aspect in pervasive computing [30] , especially in the applications on mobile devices such as mobile smart phones and PDAs. It enables software to provide users relevant information based on the current situation. The employment of context modeling using RDF/OWL makes the context representation and context reasoning possible. For the rapid prototyping of context-aware mobile applications, the choices of the suitable development environment including programming languages, IDEs, usable APIs, and frameworks as well as context modeling approaches make an important precondition. This paper firstly introduced the existing context-aware systems in which spatiotemporal and community contexts are rarely considered together. Then we proposed a context model for spatiotemporal community context, based on the ontology approach. The RDF/OWL ontologies for our context model are illustrated by examples and context reasoning is discussed to deliver users context-aware search results. Moreover, the context model was employed to prototype a context-aware mobile tourist guide and reached the expected performance.
During the research work, we have found out that SPARQL can only be applied to query RDF/OWL files and can not be applied in the other multimedia metadata documents. So some XML mapping will be made in future to apply SPARQL onto various XML-based metadata documents such as MPEG-7 and MPEG-21. In addition, the current user interface in the prototype only provides textual and multimedia information. Although location coordinates have already been applied in this prototype by connecting a GPS receiver, maps have not been rendered to the users. Thus, maps will be integrated into the user interfaces, using some map services such as Google Maps JavaScript API [10] .
Furthermore, social networks are explicit representations of the relationships between individuals and groups in a community [8] . In the current system the community decision has already been carried out by using a clustering algorithm. But there is a wide research area to explore the community context in association with social networks and semantic web technologies. For instance, the FOAF (Friend of a Friend) [9] , [20] standard is a widespread ontology to describe individual person and the relationships among people in communities. In summary, our goals to further improve interoperability of CAAS on mobile devices are the integration of map services and semantic context-awareness concerning multimedia metadata and social network standards.
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